Abstract: Magnetic (FePt) and nonmagnetic (Au) nanoparticles were used to assemble ferritin into nearmonodisperse bionanocomposites featuring regular interparticle spacing. The FePt/ferritin assemblies are integrated magnetic materials with ferritin providing added magnetic volume fraction to the magnetic nanocomposite. These assemblies differ from either of their constituent particles in terms of blocking temperature (TB), net magnetic moment, coercivity, and remnance.
Introduction
Controlled synthesis and programmed assembly of magnetic nanoparticles provides a versatile approach to functional nanocomposite materials. These magnetic nanocomposites have been used for ultrahigh-density magnetic recording, 1 highly sensitive magnetic sensors, 2 magnetic separations, 3 and nanocomposite permanent magnets. 4 Further control of magnetic properties can be obtained by self-assembly of nanomagnets with nonmagnetic and magnetic materials. The magnetic properties of the resulting nanocomposite can be modulated through changes in the interparticle spacing 5 and volume fraction of the magnetic material. 6 Both polymers 7 and biomolecules 8 have been used extensively for the self-assembly of particles. The structure and recognition properties of biomolecules make them particularly attractive tools for self-assembly. 9 Biomolecular assembly has likewise been applied to magnetic particles. Mann et al. used ironcontaining magnetic proteins as inorganic nanoparticles 10 for the assembly process using streptavidin/biotin binding. Similarly, Weissleder et al. showed viral-induced assembly of magnetic nanoparticles, 11 while we demonstrated electrostatic assembly of particles using DNA. 12 To date, however, magnetically active biomolecular and synthetic systems have not been combined to create integrated magnetic materials.
Ferritin provides a particularly attractive magnetic biomaterial. Ferritin is an iron storage protein that features a protein shell surrounding an iron oxide core consisting of ∼4500 Fe atoms (6 nm core, 12 nm overall). 13 Apoferritin has also been used to provide nanoparticles featuring a variety of magnetic and nonmagnetic materials. 14 We report here the self-assembly of ferritin by magnetic nanoparticles as a modular approach to the creation of integrated magnetic nanocomposites (Scheme 1). In these materials the magnetic dipoles of the synthetic and biological components interact, as manifested by changes in the blocking temperature (T B ), net magnetic moment, remanance, and coercivity of the resulting composites.
Results and Discussion
Ferritin is an anionic protein with a pI of 4.5. 15 Electrostatic complementarity was provided through functionalization of † Department of Chemistry. ‡ Department of Physics.
( nanoparticles with cationic trimethylammonim ligands. FePt nanoparticle (NP 1) (8 nm) was fabricated as reported using lauric acid and lauryl amine as capping ligands. 16 Water solubility and cationic charge were obtained through place exchange using thioalkylated oligo(ethylene glycol) with trimethyl ammonium chain-end ligands (Figure 1 ), 17 providing a particle with a zeta potential of +25 mV in Tris buffer. Similarly, an Au nanoparticle (∼6.5 nm core) was fabricated as previously reported 18 from the undecanethiol-functionalized precursor and place exchanged with 11-mercapto undecyltrimethylammonium ligand to afford NP 2 (zeta potential +30 mV). 19 The assembly process was achieved through slow addition of nanoparticles 1 and 2 to a solution of ferritin with a final stoichiometry of 1:10. The assembly of nanoparticles with ferritin in solution was initially analyzed via dynamic light scattering (DLS) (see Supporting Information). 20 Ferritin had a bimodal peak (∼15 and 59 nm); presumably, the second peak is due to protein-protein interactions (zeta potential -28 mV). Upon addition of nanoparticles substantially larger aggregates were formed. These aggregates were nearly monodisperse with 150 ( 2 nm assemblies observed with NP 1 (zeta potential -2 mV) and 100 ( 6 nm aggregates (zeta potential -10 mV) observed with NP 2 (Figure 2e ). 21 The regularity of the aggregate sizes was verified by TEM. Precipitation was observed over time for both of the assemblies. ImageJ software was used to quantify the sizes of these aggregates demonstrated by TEM 22 with dispersities for NP 1 (125 ( 7 nm) and 2 (90 ( 9 nm) comparable to those observed using DLS (Figure 2 ). 23 The smaller size of the aggregates presumably arises from shrinkage of the assemblies upon drying.
The interparticle spacing of the aggregates was quantified through small-angle X-ray scattering (SAXS, Figure 3) after precipitation of the aggregates and drop casting of the nanoparticles alone onto mylar sheets. The q values, representative of average interparticle spacing, shift steadily downward in the presence of ferritin, indicating an increase in interparticle spacing. As an example, the drop-cast film of NP 1 alone has a center-to-center spacing of 11.1 nm, while that of the ferritin alone is 8.6 nm. Upon assembly of NP 1 with ferritin the centerto-center spacing increases to 18.9 nm. 24 Similar ∼8 nm increase in spacing was observed with NP 2 upon assembly with ferritin.
Field-dependent magnetization analysis using zero-fieldcooled (ZFC) and field-cooled (FC) measurements for ferritin, nanoparticles, and assembled nanocomposites were performed using a superconducting quantum interference device (SQUID). Ferritin and nanoparticles were superparamagnetic at ambient temperature 25 with the transition to ferromagnetic behavior (i.e., blocking temperature, T B ) 26 occurring at 15 K for ferritin, Table  1 . The control sample of NP 1 without ferritin had a T B of 94 K, while the ferritin/NP 1 assembly showed an increase in T B to 105 K (Figure 4 ). This behavior is opposite to the decrease in T B observed when particles are assembled with nonmagnetic materials. 12, 27 The increase in blocking temperature can be 
Scheme 1. (a) Magnetic Nanoparticles Assembled with Ferritin via Electrostatic Interaction; (b) Schematic Representation of Magnetic Dipole-Dipole Interaction of Ferritin Assembled with Magnetic (FePt) and Nonmagnetic (Au) Nanoparticles
explained by a local increase in the density of the magnetic material in the nanocomposites. While ferritin increases interparticle spacing, the magnetic core of the protein appears to enhance the magnetic interaction between nanoparticles by either a dipolar 28 or exchange 29 mechanism. The observed increase in T B by ∼12 K is therefore a direct consequence of the ferritinmediated assembly: the interparticle coupling and ferritin core combine to provide an effective increase in magnetic volume compared to the control sample. 5, 6 As a control, diamagnetic NP 2 exerted no change on the T B of the ferritin, indicating that the ferritin is effectively uncoupled in both its native state and after assembly with NP 2. Field-dependent magnetization studies were obtained on films of NP 1 alone and NP 1 assembled with ferritin. Hysteresis plots offer a view into the collective behavior of NP 1 and ferritin systems, providing values of magnetic remanence (M R ) and coercivity (H C ). 27 At low-temperature hysteretic behavior was observed in all cases, and the plots are shown in Figure 5 emu, while the ferritin-assembled NP 1 showed a lower value of 0.32 emu. The coercivity calculated from the plot of the assembled particles was found to be ∼520 Oe, while the control showed a smaller value of 450 Oe. The increased coercivity observed with the ferritin-assmbled NP 1 arises from the enhanced coupling between the dipoles of ferritin and NP 1 leading to a harder magnetic material. Likewise, the stronger dipolar coupling between the dipoles of ferritin and NP 1 lowers the remanance by inducing a greater degree of frustration in the sample. 30 As expected, the hysteresis curves for the gold NPs as a control showed no change in the curves compared to ferritin alone (Supporting Information).
To investigate the effect of volume fraction on T B , the net magnetic moment for each sample was also determined. In this experiment the same amount of nanoparticles alone and nanoparticles assembled with ferritin were introduced to a constant 20 000 Oe field at 300 K and cooled to 1.8 K in the presence of field. 31 NP 1 alone gave 16.9 emu/g, while NP 1 assembled with ferritin gave a moment of 21.4 emu/g. These results support the enhancement in the volume fraction and the change in T B of the bionanocomposite. 32 In contrast, NP 2 assembled with ferritin showed a lower magnetic moment (1.2 emu/g) in comparison to ferritin (1.8 emu/g) as more diamagnetic material was added to the nanocomposite. 33
Conclusion
In summary, we demonstrated the fabrication of bionanocomposites based on ferritin and synthetic nanoparticles. This assembly process provided discrete essentially monodisperse aggregates (as determined by DLS and TEM) that feature controlled interparticle spacing. Most significantly, this assembly strategy provides nanocomposites where the structural components are also functional, yielding a highly modular approach to biomagnetic materials.
Experimental Section
Materials. Ferritin from horse spleen was purchased from Sigma. All other starting materials were purchased from Sigma-Aldrich Chemical Co. except iron pentacarbonyl and dodecylamine. The later chemicals were purchased from Acros Chemical Co. and used without further purification. MilliQ water and ethanol solvents were also used without further purification. A Digi-Sense Temperature controller R/S (model 68900-11) was used to control the temperature.
Synthesis of Trimethylammonium-Functionalized FePt Nanoparticles 16,17 (NP 1). Magnetic FePt nanoparticles were synthesized through thermal decomposition of Pt(acac)2 and Fe(CO)5 in hot organic solvents using the reported procedure with minor modifications. Lauric acid and dodecyl amine were used as capping ligands for generating the core, and the detailed procedure is reported in the Supporting Information. For place exchange 30 mg of FePt nanocrystals was taken in 5 mL of dichloromethane. A 80 mg amount of (thiol ligand) SH-C 11-tetra(ethylene glycol)lyated trimethylammonium bromide in 0.5 mL of ethanol was added to the nanocrystals dispersion and stirred for 3 days. The black precipitate obtained was isolated using centrifugation. It was washed three times using a mixture of ethanol and dichloromethane (1:10) and dissolved in MilliQ water.
Synthesis of Trimethylammonium-Functionalized Gold Nanoparticles (NP 2). Synthesis of the nanoparticles core was carried out based on the reported procedure. 18 For the place exchange reaction 10 mg of gold nanocrystals was taken in 5 mL of toluene. A 50 mg amount of 11-mercapto undecyltrimethylammonium bromide in 0.5 mL of dichloromethane was added to the nanocrystals dispersion and stirred for 1 day. The black precipitate was then washed three times using dichloromethane and dissolved in MilliQ water. 
